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We report 31P and 7Li nuclear magnetic resonance (NMR) studies in new non-olivine LiZnPO4-
type LiCoPOtetra4 microcrystals, where the Co
2+ ions are tetrahedrally coordinated. Olivine
LiCoPO4, which was directly transformed from LiCoPO
tetra
4 by an annealing process, was also
studied and compared. The uniform bulk magnetic susceptibility and the 31P Knight shift obey
the Curie-Weiss law for both materials with a high spin Co2+ (3d7, S = 3/2), but the Weiss tem-
perature Θ and the effective magnetic moment µeff are considerably smaller in LiCoPO
tetra
4 . The
spin-lattice relaxation rate T−11 reveals a quite different nature of the spin dynamics in the para-
magnetic state of both materials. Our NMR results imply that strong geometrical spin frustration
occurs in tetrahedrally coordinated LiCoPO4, which may lead to the incommensurate magnetic
ordering.
I. INTRODUCTION
The olivine structured lithium transition metal phos-
phates LiMPO4 (M = Fe, Mn, Co, and Ni) have at-
tracted interest from both fundamental and technical
points of view. They reveal a variety of unusual mag-
netic, magnetoelectric, and ferrotoroidic properties asso-
ciated with high spin (HS) M2+ ions.1–5 Also, their low
cost, low toxicity, high stability, and high energy density
made them promising candidates of high-voltage cath-
ode materials for Li-ion batteries.6–11 Among the olivine
LiMPO4 family, LiCoPO4 features a very large linear
magnetoelectric effect12,13 and a high theoretical energy
density up to 801 Wh/kg based on its high discharge
plateau 4.8 V versus Li/Li+.14,15
Olivine LiCoPO4 crystallizes in the orthorhombic
Pnma space group.16 The Co2+ (S = 3/2) ions sit in
the center of the distorted CoO6 octahedra which share
corners and edges with PO4 tetrahedra, as illustrated in
Fig. 1(a). Below TN ∼ 21 K, the moments order anti-
ferromagnetically, with a tilt of 4.6◦ away from the crys-
tallographic b axis within the bc plane, and the crystal
structure changes to the P12′11 symmetry.
17–19 In this
low symmetry, a nonzero toroidal moment is allowed and
confirmed experimentally.2,20
For optimal performance of electrode materials for Li-
ion batteries, it is crucial to get insight into the fun-
damental structural, electronic, and magnetic proper-
ties of the materials and their limits and trends for
applications.21 Therefore, recently discovered non-olivine
structured LiCoPO4 is interesting and may provide an
important step forward in the understanding of the im-
pact of structure and magnetism on the performance of
a battery material. LiCoPOtetra4 possesses Pn21a sym-
metry and consists of CoO4 tetrahedra, instead of CoO6
octahedra in the olivine structure, sharing only corners
with PO4 tetrahedra
22,23 [see Fig. 1(b)]. The non-olivine
structure becomes unstable at high temperatures towards
FIG. 1: (Color online) Crystal structure of (a) olivine (Pnma
symmetry) and (b) tetrahedral (Pn21a symmetry) LiCoPO4,
projected along the crystallographic c axis. Li atoms are omit-
ted for clarity. Their unit cells are drawn as dotted lines.
the olivine one.
Initial studies indicate that tetrahedral LiCoPO4 ex-
hibits poor performance in terms of cycling stability and
discharge capacity compared to the olivine phosphate.23
In an attempt to elucidate the detailed magnetic proper-
ties of both compounds associated with their structural
aspects, we carried out an NMR study on tetrahedral
LiCoPOtetra4 as well as on the annealed olivine compound.
Our results of the Knight shift and the spin-lattice relax-
ation rates show that the tetrahedrally coordinated Co2+
spins in LiCoPOtetra4 are strongly frustrated, resulting in
quite different magnetic properties, compared to olivine
2LiCoPO4. The magnetic structure in the ordered state
is likely incommensurate.
II. SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS
Non-olivine LiCoPOtetra4 microcrystals with Pn21a
symmetry were synthesized by the microwave-assisted
hydrothermal synthesis technique, as described in detail
in Refs. 23,24. Olivine LiCoPO4 with Pnma symmetry
was obtained by annealing the non-olivine compound at
700◦C for 24 hours under an argon atmosphere.
The temperature dependence of the static uni-
form magnetic susceptibility χ(0, 0) of LiCoPOtetra4 and
LiCoPOolivine4 was measured using a superconducting
quantum interference device (SQUID) magnetometer in
the field of 1 kOe after cooling in zero magnetic field.
7Li and 31P NMR measurements have been carried out
using a spin-echo method in a fixed field of 7.0494 T in
the temperature range of 5–400 K. Since 31P (nuclear
spin I = 1/2, γn = 17.2356 MHz/T) does not involve
electric quadrupole effects, it is an ideal probe to study
magnetism and spin fluctuations in these materials. 31P
NMR spectra over most of the measured temperature
range are relatively narrow and quite symmetric, in com-
parison with the large linewidth and strong anisotropy
observed in other Li phosphates,25,26 which allowed us
to determine the Knight shift and the linewidth reliably.
The spin-lattice relaxation rates T−11 of both
31P and
7Li (I = 3/2, γn = 16.5471 MHz/T) were measured us-
ing the saturation recovery method and T1 was obtained
by fitting the relaxation of the nuclear magnetization
M(t) to a single exponential function, 1−M(t)/M(∞) =
A exp(−t/T1) where A is a fitting parameter.
III. EXPERIMENTAL RESULTS AND
DISCUSSION
A. Magnetic susceptibility χ and 31P Knight shift K
Figure 2 shows the molar static susceptibility χmol =
M/H as a function of temperature for both olivine and
tetrahedral LiCoPO4. The drop of the χ data at low
temperatures indicates that in both systems long range
antiferromagnetic order evolves at low temperature. The
transition can be clearly observed in the magnetic specific
heat cmag ∼ ∂(χmolT )/∂T (see inset) as both compounds
show an anomaly at TN = 21 and 7 K, respectively.
At high temperatures, the data in both compounds fol-
low a Curie-Weiss (CW) law, χmol = C/(T + Θ) + χ0,
where χ0 is a T -independent susceptibility [see inset of
Fig. 2(b)]. Fitting the data with the CW law yields
the Weiss temperatures Θ = 52(5) K (olivine) and
Θ = 7(1) K (tetra), and the effective magnetic moments
µeff = 5.1µB (olivine) and 4.4µB (tetra). Both values
of µeff exceed the spin-only value of 3.87 µB expected
FIG. 2: (Color online)(a) Temperature dependence of static
susceptibility and magnetic specific heat (inset) of both
olivine and tetrahedral LiCoPO4. Solid curves are Curie-
Weiss fits. (b) NMR linewidth (FWHM) of 31P spectrum (see
Fig. 3) tracks χ in the whole temperature range investigated.
Inset: Inverse static susceptibility.
for the HS 3d7 configuration for full quenching of the or-
bital moment. In LiCoPOtetra4 , the orbital admixture to
the measured effective g = 2.27 is governed by the re-
duced spin-orbit coupling λ and the tetrahedral crystal
field (CF) splitting ∆t of the Co
2+ orbital states of eg
and t2g symmetry. It can be approximated by
g = 2−
8 · λ
∆t
. (1)
With λ ≈ −143 cm−1,27 the data are consistent with
∆t ≈ 4250 cm
−1. In contrast, the electronic configura-
tion of HS Co2+ in the octahedral configuration t52ge
2
g re-
alized in LiCoPOolivine4 exhibits a stronger orbital contri-
bution since it involves only partially filled low-lying or-
bital triplet states with pseudo angular momentum l˜ = 1.
3FIG. 3: (Color online) Temperature evolution of 31P NMR
spectrum obtained at 7.0494 T for both tetrahedral (left) and
olivine (right) LiCoPO4 in the paramagnetic state. The spec-
trum in the ordered state for LiCoPOolivine4 is also shown for
comparison.
The observed effective moment agrees well with the find-
ings in Ref. 18.
In this paper, we mainly concentrate on the NMR data
obtained on both materials. Hence, we note that the
broadening of the NMR line is essentially determined
by the uniform bulk susceptibility as can be deduced
from Fig. 2 (b) where the full width at half maximum
(FWHM) of the 31P NMR spectra is plotted against χ
with T as an implicit parameter. Further information on
the static magnetic properties is obtained from measure-
ments of the 31P Knight shift, 31K. Its temperature de-
pendence confirms CW-behavior in both materials. The
data in Fig. 4 are well described by K = C′/(T+Θ)+K0,
where K0 is the T -independent orbital shift. For both
materials, K0 appears negligibly small, indicating that
K probes almost entirely the spin part of the magnetic
susceptibility.
Focusing on the evolution of antiferromagnetic order,
the static susceptibility data imply deviations from the
mean-field Curie-Weiss-like behavior already at relatively
high temperatures. In the olivine sample, small devi-
ations from the experimental data are observed below
∼ 250K as visible in Figs. 2(a) and (b, inset). The ex-
perimentally observed susceptibility is smaller than pre-
dicted by the Curie-Weiss law which is in agreement
with the evolution of antiferromagnetic fluctuations well
above TN . In the tetragonal polymorph, such behavior is
present below ∼ 50K which is best seen if the magnetic
specific heat in Fig. 2 (a) (inset) is considered.
In order to compare the static susceptibility measured
by bulk and local techniques, the inset of Fig. 4 shows a
plot of 31K versus χ. 31K is proportional to χ over a wide
FIG. 4: (Color online) The 31P Knight shift as a function
of temperature. Solid curves are Curie-Weiss fits. The in-
set shows a plot of K(T ) versus χ(0, 0)(T ) with T as im-
plicit parameter. The slope of the data yields the hyper-
fine coupling constants Ahf = 1.96 kOe/µB and 1.71 kOe/µB
for LiCoPOtetra4 and LiCoPO
olivine
4 , respectively. The T -
independent orbital shifts are found to be nearly zero (see
text).
temperature range. The small deviation from linearity
occurring below∼ 60 K for LiCoPOtetra4 is attributed to a
small amount of paramagnetic (PM) impurities to which
K is insensitive. This account is indeed corroborated by
the good agreement between the linewidth and χ in the T
region where K deviates χ, as shown in the inset of Fig.
2, since a random distribution of PM moments would
broaden the NMR line without affecting its shift.
The linear slope of dK/dχ corresponds to the hyperfine
(hf) coupling constants, Ahf = 1.96 kOe/µB (tetra) and
1.71 kOe/µB (olivine). Note that
31K in both compounds
almost vanishes at χ = χ0 ∼ 0, confirming the non-spin
susceptibility contribution K0 ∼ 0.
B. Spin-lattice relaxation rate T−11 and dynamical
susceptibility
The 31P spin-lattice relaxation rate 31T−11 as a func-
tion of temperature is presented in Fig. 5. For the olivine
compound, 31T−11 increases steadily with decreasing T
and is rapidly enhanced below 40 K, exhibiting a sharp
anomaly followed by a rapid drop. The sharp peak (ver-
tical solid line) indicates the onset of magnetic order at
TN = 21 K, which agrees with literature values.
16,18,19
The rapid upturn above TN , which is due to the criti-
cal slowing down of spin fluctuations towards magnetic
order, is a rough measure of dimensionality of the mag-
netic system as well. In our case, the relatively sharp
transition width which is comparable to TN indicates
the quasi-three-dimensional nature of the magnetic order
4FIG. 5: (Color online) 31P spin-lattice relaxation rate 31T−11
as a function of temperature in olivine and tetrahedral
LiCoPO4 samples. For LiCoPO
olivine
4 ,
31T−11 reveals a sharp
magnetic transition at TN = 21 K (vertical solid line), while
it diverges towards TN = 7 K (vertical dashed line) for
LiCoPOtetra4 . Solid curves are equivalent to the linear fit in
Fig. 7. The inset presents a plot of 1/
∑
q
χ′′(q, ωL) versus T
2,
to show the inverse dynamical susceptibility that is quadratic
in temperature.
rather than two-dimensional (2D).18,28 For LiCoPOtetra4 ,
the 31T−11 data are an order of magnitude larger than
those of LiCoPOolivine4 , displaying a similar temperature
dependence. TN could not be identified since
31T1 be-
comes too short to be measured near the transition, but
the temperature at which 31T−11 diverges appears to be
consistent with TN = 7 K (vertical dashed line).
For olivine LiCoPO4, inelastic neutron scattering
yields moderate magnetic exchange coupling constants.29
In the bc-plane, the dominating nearest neighbor coupling
amounts to Jnn‖ = 9K while smaller next nearest neigh-
bor and interlayer couplings of ∼ 1 − 2K imply a ten-
dency to weak frustration and 2D behavior. In the case
of LiCoPOtetra4 , where TN as well as Θ are significantly
smaller than in the olivine material, magnetic coupling
is presumingly weaker and/or the tendency towards 2D
and frustration stronger.
In the paramagnetic limit, T−11 could be approximated
by the relation,30
T−11 ∝
A2hf
√
S(S + 1)
~Jex
. (2)
Using this equation, one can estimate the ratio,
T−11 (tetra)/T
−1
1 (olivine) = 6.5, using the relation Jex ≡
3kBΘ/[zS(S + 1)] where z is the number of nearest-
neighbors. This value satisfactorily accounts for the dif-
ference of 31T−11 between the two compounds at high
temperatures, proving that the system indeed lies in the
localized limit at high temperatures.
FIG. 6: (Color online) Temperature dependence of the 7Li
spin-lattice relaxation rate. Data in the PM region resem-
ble those of 31T−11 , indicating that both
7Li and 31P nuclei
are governed by the same relaxation mechanism. The solid
curves are identical with those in Fig. 5 with scaling. A sharp
anomaly was detected at TN = 21 K for LiCoPO
olivine
4 , similar
to the case of 31P.
In general, while the Knight shift is proportional to the
static spin susceptibility at q = 0, i.e. K = Ahfχ(0, 0),
T−11 reflects the q-average of the imaginary part of the
dynamical susceptibility χ′′ at low energy,31
T−11 ∝ Tγ
2
nA
2
hf
∑
q
χ′′(q, ωL)/ωL, (3)
where γn is the nuclear gyromagnetic ratio and ωL the
Larmor frequency. Since there is no difference of the
Knight shift at high temperatures far above TN be-
tween the two compounds, we conclude that spin fluc-
tuations are of dominantly antiferromagnetic nature for
both olivine and tetrahedral LiCoPO4.
The most striking feature is that 31T−11 for both com-
pounds increases with decreasing temperature, as shown
in Fig. 5. Such a 1/T dependence of T−11 is very
rare in the paramagnetic limit. Figure 7 clearly shows
the linear variation of T1 in terms of T , particularly, in
LiCoPOolivine4 . This in turn implies that the q-average of
the dynamical susceptibility
∑
q χ
′′(q, ωL) from Eq. (3)
varies in proportion to 1/T 2, in contrast to the uniform
static susceptibility χ(0, 0) that obeys the CW law. A
plot of 1/
∑
q χ
′′(q, ωL) versus T
2 is given in the inset of
Fig. 5, which provides evidence of the quadratic temper-
ature dependence of the inverse dynamical susceptibility.
Note that this plot eliminates the effect of the hf coupling
constants, allowing the direct comparison of the two sys-
tems.
To ensure that the unusual T dependence of 31T−11 is
not site dependent, but represents the intrinsic dynami-
cal susceptibility of the system, we also measured the 7Li
spin-lattice relaxation rate, 7T−11 , as a function of tem-
5FIG. 7: (Color online) For (a) LiCoPOtetra4 and (b)
LiCoPOolivine4 , the spin-lattice relaxation times
31T1 and
7T1 as a function of temperature are scaled to each other,
demonstrating that they detect the dynamical susceptibility∑
q
χ′′(q, ωL) of the materials. While the linear T dependence
of T1 is well maintained over the whole temperature range in-
vestigated, except near the transition at TN for LiCoPO
olivine
4 ,
it breaks down below ∼ 150 K for LiCoPOtetra4 .
perature. The results are presented in Fig. 6, revealing
a T dependence similar to 31T−11 . In fact, Fig. 7 proves
that 31T1 and
7T1 as a function of temperature are accu-
rately scaled to each other for both compounds.34
From Figs. 5 and 7, the different behaviors of T−11
in the two compounds are noticeable. Namely, for
LiCoPOolivine4 , the T1 data follow a linear T behavior
in the whole temperature range investigated except the
region near T olivineN . In contrast, for LiCoPO
tetra
4 , the
T1 data deviate from the T -linear behavior at ∼ 150
K, suggesting that an additional relaxation mechanism
is developed. Another noticeable feature is that the T -
linearity of T1 is considerably smaller in LiCoPO
tetra
4 ,
seemingly approaching the normal CW behavior [i.e.,
T1(T )→ constant at high T ] which is observed in other
olivine lithium phosphates, LiMnPO4 and LiFePO4.
25
The different magnetic properties of LiCoPOtetra4 and
LiCoPOolivine4 could be understood by considering their
inherent spin networks. There are five exchange path-
ways between the Co2+ spins in olivine LiCoPO4.
29,32 In
the bc plane, one can identify the nearest-neighbor cou-
pling J1 mediated through Co-O-Co superexchange path
and the next-nearest-neighbor coupling J2 and J3 along
the b and c axes, respectively, through PO4 tetrahedra
[Fig. 1(a) depicts only J1 coupled Co atoms]. The in-
terplane couplings J4 and J5 are also mediated by PO4
tetrahedra and are known to be ferromagnetic, while
the intraplane couplings J1, J2, and J3 are all antiferro-
magnetic. This spin network involves weak geometrical
frustration since J1 is much larger than other exchange
couplings.29
This situation is dramatically altered in LiCoPOtetra4 .
As clearly shown in Fig. 1(b), there is no longer a Co-
O-Co superexchange path and all the exchange interac-
tions are mediated by corner-shared PO4 tetrahedra and
might be comparable to each other in strength. Natu-
rally, this spin network likely results in strong frustration.
The frustration may be consistent with the strong reduc-
tion of the effective exchange interaction and ordering
temperature TN . Note that in the case of competing fer-
romagnetic and antiferromagnetic interactions the ratio
TN/Θ does not provide reliable information on magnetic
frustration. Since Co2+ ions behave more like paramag-
nets in LiCoPOtetra4 , one may argue that the frustration
effect modifies the spin dynamics which causes the pecu-
liar upturn of T−11 . At low temperatures, the frustration
can induce the incommensurate or spin-glass-like mag-
netic ordering. In this case, magnetic short-range fluc-
tuations may extend far above TN , being responsible for
the additional enhancement of T−11 which was observed
below ∼ 150 K.
Now we discuss the puzzling feature of the 1/T -
dependence of T−11 , which implies the inverse quadratic
temperature dependence of the dynamical susceptibil-
ity. To begin with, one may conjecture that Li diffu-
sion motion causes the increase of T−11 with decreasing
T . However, we rule out this possibility because both
mobile 7Li and immobile 31P nuclei detect the identical
T -dependence of T−11 , as demonstrated in Fig. 7. In prin-
ciple, Ahf may increase with decreasing T , causing the
T -dependence of T−11 . Again, this is clearly not the case
from the uniquely defined Ahf from the K vs. χ plot over
a wide temperature range (see the inset of Fig. 4). There-
fore, we conclude that unusual spin dynamics is present
and persists even in the high T region (T ≫ 10Jex), caus-
ing the inverse quadratic T -dependence of
∑
q χ
′′(q, ωL).
One plausible explanation could be given if Jex in Eq.
(2) decreases with decreasing temperature.33 Although
this scenario may be incompatible with the well-defined
Θ ∝ Jex, if spin fluctuations at small q < Q are devel-
oped with decreasing temperature, the resultant effective
exchange coupling could be reduced.
6IV. CONCLUSIONS
We present 7Li and 31P NMR studies in both non-
olivine and olivine structured LiCoPO4 microcrystals.
It turns out that the exchange interactions among the
Co2+ spins are greatly reduced in LiCoPOtetra4 , which
accounts for the difference of the spin-lattice relaxation
rates T−11 between the two compounds. In contrast to the
Curie-Weiss behavior of the static susceptibility found at
high temperatures, the dynamical spin susceptibility de-
duced from the spin-lattice relaxation rates is inversely
quadratic in temperature, which is particularly strong
and robust in LiCoPOolivine4 . For LiCoPO
tetra
4 , the un-
usual temperature dependence is considerably weakened
and breaks down at low temperatures. Together with the
reduced effective exchange coupling and ordering tem-
perature, this different spin dynamics is attributed to
strong frustration effect inherent in the corner-shared
CoO4-PO4 geometry of this metastable material. The
additional enhancement T−11 at low temperatures in
LiCoPOtetra4 suggests that the frustration may lead to
complex incommensurate magnetic order.
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